ABSTRACT
B cells can contribute to immunity through production of antibodies, presentation of antigen to T cells, and secretion of cytokines. B cell activation can result in various outcomes for the host. In general B cell responses are beneficial during infections, and deleterious during autoimmune diseases. However, B cells can also limit host defence against pathogens, and protect from autoimmune pathologies. B cells can therefore act both as drivers and as regulators of immunity. Understanding how these opposite functions are mediated shall stimulate the elaboration of novel approaches for manipulating the immune system. B cells might acquire distinct functional properties depending on their mode of activation. Antigen-specific B cell responses require triggering of B cell receptor (BCR) by antigen, and provision of helper signals by T cells. B cells also express various innate immune receptors, and can directly respond to microbial products. Here, we discuss how intrinsic signalling via Toll-like receptors contributes to the suppressive functions of B cells during autoimmune and infectious diseases.
INTRODUCTION
B lymphocytes have multiple functions in immunity, producing antibodies, presenting antigen to T cells, and contributing to development of secondary lymphoid organs. In addition, B cells can secrete cytokines such as interleukin(IL)-4, IL-6, IL-10, IL-12 and interferon(IFN)-γ, which can influence polarization of T cell responses or progression of immune reactions (1) (2) (3) (4) . For instance, B cells controlled resolution of experimental autoimmune encephalomyelitis (EAE) through provision of IL-10 (5). IL-10-producing B cells also had regulatory activities in models of arthritis and ulcerative colitis (6) (7) . These findings led to the notion that B cells, similarly to particular T cell subsets, can regulate autoimmune responses. IL-10 from B cells also inhibited immune defence against the bacterial pathogen Salmonella typhimurium in mice, indicating that IL-10-producing B cells provide a general mechanism of immune regulation (4) . The signals controlling the production of IL-10 and the regulatory functions of B cells are starting to be identified. Remarkably, Toll-like receptors (TLR) agonists were essential for IL-10 secretion by naïve B cells in vitro, and TLR controlled the regulatory activities of B cells in vivo (8) (9) . Thus, the suppressive functions of B cells are part of a counter-regulatory circuit promoted directly by the signals that stimulate immunity (10) . Human B cells might also regulate immunity through secretion of IL-10 because IL-10 production by B cells was impaired in patients with autoimmune diseases (11) (12) . Here, we discuss the importance of intrinsic TLR signalling for the IL-10-mediated suppressive functions of B cells during autoimmune and infectious diseases, and highlight the possible implications of these findings for the design of novel therapeutic strategies.
SUPPRESSIVE ROLE OF INTRINSIC TLR SIGNALLING IN B CELLS DURING EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS
Some of the initial observations demonstrating a suppressive role for B cells during autoimmune diseases were made in EAE, an animal model for relapsingremitting multiple sclerosis (RR-MS) (13) . EAE can be provoked in rodents or non-human primates by immunization with central nervous (CNS) homogenate or purified myelin antigens. Disease is associated with development of inflammatory demyelinating lesions in CNS and is clinically manifested by paralysis (14) . T lymphocytes play a critical role in EAE because activated myelin-reactive CD4 + T cells can provoke disease in naïve recipient mice upon adoptive transfer, and conversely, depletion of CD4 + T cells prevents EAE induction in animals immunized with myelin antigens (15) (16) . T cells might participate in pathogenesis of RR-MS because polymorphisms in genes controlling T cell activation (human leukocyte antigen class II, IL-2 receptor, or IL-7 receptor) are associated with disease susceptibility (17) .
B cells are implicated in RR-MS because B celldepletion with rituximab dampened disease progression in treated patients, leading to reduced occurrence of new relapses and diminished formation of new lesions in CNS, compared to controls (18) . B cell depletion also attenuated EAE course when applied to mice already showing signs of paralysis (19) . Paradoxically, depletion of B cells before mice were immunized with myelin antigen resulted in an aggravated course of EAE, implying that B cell depletion could have different outcomes, being beneficial or deleterious, depending on time of treatment (19) . B celldeficient mice also developed a more severe EAE course than wild-type mice upon immunization with various myelin antigens (5, 20) . The beneficial effect of B cells in EAE involved their production of IL-10 because mice in which only B cells could not produce IL-10 developed a severe chronic form of EAE, while mice with wild-type B cells recovered after a short episode of paralysis (5). IL-10-producing B cells also provided protection in models of inflammatory bowel disease, and collagen-induced arthritis (6) (7) . These pathologies are mediated by distinct immune mechanisms i.e. T H 1 and T H 17 cells for EAE, T H 2 cells for ulcerative colitis, and B cells for arthritis, implying that IL-10-producing B cells have a general role in immune regulation (21) (22) (23) (24) . B cells do not secrete IL-10 constitutively. Naïve B cells produced large amounts of IL-10 upon activation with agonists for Toll-like receptor (TLR)-2, -4, or -9 in vitro, but not upon stimulation via CD40 or B cell-receptor for antigen (BCR) either alone or in combination (2) . In contrast to B cells, dendritic cells and macrophages did not secrete detectable amount of IL-10 when stimulated with TLR agonists in the same conditions in vitro (2) . The notion that intrinsic TLR signalling controls the suppressive functions of B cells was confirmed in vivo: mice in which only B cells lacked either both TLR-2 and TLR-4 or the major TLR-signalling adaptor myeloid differentiation factor 88 (MyD88) developed a chronic form of EAE, alike mice with IL-10-deficient B cells, while mice with wild-type B cells recovered after a short episode of paralysis (2) . These mice also developed exacerbated autoreactive T cell responses of T H 1 and T H 17 types, indicating that TLR-activated B cells might promote resolution of EAE by counter-regulating the expansion of encephalitogenic T cells (2) . The suppressive function resulting from MyD88 signalling in B cells was singular because mice lacking MyD88 in all cells were, in contrast, completely resistant to EAE (2). MyD88-deficient mice also developed reduced autoreactive T cell response of T H 1 type, and T H 17 cells were barely detectable in these mice (2) . Thus, the signalling adaptor MyD88 had a dual role during EAE, controlling both initiation and termination of disease flare. These opposite functions were segregated in distinct cell types: MyD88 signalling in cells other than B cells (most likely dendritic cells or macrophages) drove the development of EAE, while MyD88 signalling in B cells controlled disease resolution. Signalling via MyD88 in these different cell types also exerted opposite influences on inflammatory T cell responses. Thus, it might be possible to therapeutically interfere with T cell-mediated autoimmune diseases by modifying the balance between TLR signalling in distinct cell types, for example by blocking this signalling selectively in cells mediating inflammatory functions.
It is currently debated whether a particular B cell subset is specialized in the inhibition of pathogenic autoimmune responses. To identify protective B cells, Yanaba et al. stimulated mouse cells from spleen, peritoneal cavity, peripheral lymph nodes, mesenteric lymph nodes, Peyer's patches, or blood for 5 hours with lipopolysaccharides (LPS), ionomycin and phorbol myristate acetate (PMA), and then investigated the phenotype of the B cells induced to express intracellular IL-10 by this treatment (25) . IL-10-expressing B cells were detectable in cultures from spleen and peritoneal cavity, but not from peripheral lymph nodes, Peyer's patches, mesenteric lymph nodes, or blood (25) 
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-CD93 -), suggesting that they were marginal zone B cells (25) (26) . Splenic CD1d low B cells did not express IL-10 in this setting, indicating that B cell subsets differ in their capacities to produce IL-10 upon short-term TLR stimulation (25) . However, all B cell subsets could make IL-10 when activated for a longer time in vitro (2, 26) . This difference between "rapid" and "slow" IL-10 production suggests that distinct B cell subsets might provide IL-10 at different stages, possibly in distinct microenvironments, and with specific impacts during immune responses. (29) . The capacity of B cell subsets to regulate immunity in vivo therefore seems to correlate with their capacity to secrete IL-10 rapidly upon TLR stimulation in vitro. This might be due to the fact that IL-10 has stronger suppressive effect on the priming of immunity rather than on already established immune reactions. Protective B cells might be generally defined from a functional viewpoint as cells that rapidly secrete IL-10 upon TLR triggering. It will be important to address whether "rapid" IL-10-producing B cell subsets can mediate pathogenic activities, prior to using them in adoptive cellular therapy. On this point, it is intriguing that mice depleted of B cells and then reconstituted with CD1d high CD5
+ B cells displayed a EAE course similar to wild-type mice, in which B cells acted both as drivers and regulators of the disease, suggesting that CD1d high CD5
+ B cells indeed have pathogenic functions (19) .
Human B cells can produce IL-10, and might have protective functions during autoimmune diseases. B cell depletion with rituximab resulted in exacerbation of intestinal pathology in a patient with ulcerative colitis, and had unexpected effects in some MS patients (30) (31) . It also led to novel types of immunopathology in some cases: a patient with Grave's disease developed ulcerative colitis subsequently to rituximab treatment (32) . Little information is available on the immunological changes accompanying these disease exacerbations, except for a patient with ulcerative colitis who showed a loss of IL-10 expression in intestinal mucosa at the time of disease aggravation after B cell depletion (30) . The notion that IL-10-producing human B cells can protect from autoimmune diseases is also supported by the fact that B cells from RR-MS or diabetes mellitus patients produced less IL-10 than B cells from healthy individuals upon TLR activation (33) (34) . In contrast, B cells from diabetes mellitus patients produced more IL-8 than B cells from healthy individuals (34) . B cells might therefore promote autoimmune diseases by secreting unbalanced amounts of pro-versus antiinflammatory cytokines upon stimulation. Human B cells express a broad TLR repertoire including TLR-1, TLR-6, TLR-7, TLR-9, and TLR-10, and possibly TLR-4 during chronic inflammation (35) (36) (37) (38) . Dying cells, endogenous retroviruses, or exogenous microbes could provide TLR agonists. Are there particular modes of TLR stimulation that increase the protective functions of B cells? B cells from RR-MS patients chronically infected by helminth parasites produced increased amounts of IL-10 upon stimulation in vitro compared to cells from non-infected RR-MS patients, and this was associated with a milder progression of disease course, suggesting that infection by helminth parasites might increase the protective function of B cells in these patients (39) (40) . The notion that some infections might foster the IL-10-mediated suppressive functions of B cells is relevant for the hygiene hypothesis, as discussed elsewhere (8) . Taken together, these data argue for the possibility that human B cells can protect from autoimmune diseases, even though it remains challenging to obtain a definitive proof of this concept.
SUPPRESSIVE FUNCTIONS OF TLR-ACTIVATED B CELLS DURING INFECTIOUS DISEASES
The notion that TLR signalling in B cells can lead to suppression of immunity appears paradoxical considering the importance of these receptors in protection from infections (41) (42) (43) . To test whether B cell-mediated suppression was operational in other contexts than in autoimmune diseases, the role of intrinsic TLR signalling in B cells was investigated in a model of infection by the Gram-negative bacteria Salmonella typhimurium (4, 44) . Salmonella usually cause diseases that are asymptomatic or resolve spontaneously after a mild gastroenteritis, although particular strains such as Salmonella enterica serovars Typhi and Paratyphi can cause life-threatening diseases (45-46).
Mice with B cell-deficiency in both TLR-2 and TLR-4, or MyD88 displayed reduced bacterial load, milder liver tissue pathology, and longer survival than mice with wild-type B cells after primary infection with virulent Salmonella (4). TLR-signalling in B cells also led to suppression of host defence during secondary challenge because vaccinated control mice showed only a partial protection from the disease, while mice lacking MyD88 in B cells became completely resistant to virulent Salmonella after vaccination (4). Furthermore, depletion of B cells in vaccinated wild-type mice a week prior to challenge with the virulent bacteria resulted in an improved survival compared to control mice (4). Identification of the mechanism responsible for the inhibitory function of TLRactivated B cells during primary as well as secondary Salmonella infection might provide novel targets for improving host defence against infectious diseases. IL-10 played an important role in the suppressive function of TLRactivated B cells in this model. IL-10-producing B cells appeared in spleens of mice within less than 24 hours after infection, and mice lacking IL-10 only in B cells survived longer than mice with wild-type B cells after infection with virulent Salmonella (4). IL-10-producing B cells all expressed the plasmablast/plasma cell-specific surface receptor CD138 in the first days after infection. CD19 + CD138
+ cells were the first cells to produce IL-10 because dendritic cells, macrophages, and T cells did not show detectable expression of IL-10 at 24 hours after infection (4). CD19 + CD138
+ plasma blasts might therefore be an important source of IL-10 during immune reactions. IL-10 secretion might be a general feature of antibody-secreting cells because the master transcription factor for plasma cell differentiation prdm-1 can also promote IL-10 transcription (47-48). The concept of "regulatory B cells" should be taken with caution as IL-10-producing B cells might contribute positively to immunity through antibody secretion.
During Salmonella infection, IL-10 production by B cells resulted in an inhibition of the early innate response mediated by neutrophils and NK cells, which both mediate protection against this pathogen (4, 49). The regulatory activity of TLR-activated B cells on neutrophils might be of general relevance because B cell-deficient mice showed higher neutrophil responses than wild-type mice in several infection models. Following infection with Leishmania donovani B cell-deficient mice displayed an enhanced neutrophil response, which correlated with better control of the parasite but more severe liver tissue damage than wildtype mice (50). After infection with Mycobacterium tuberculosis B cell-deficient mice also showed a higher neutrophil response and more severe lung pathology than wild-type mice, even though the two types of animals had comparable bacterial loads (51). Patients with severe tuberculosis could be distinguished from latently infected individuals by a specific neutrophil gene signature (52) . Future studies shall evaluate whether B cells regulate the activity of neutrophils during Mycobacterium tuberculosis infection in humans. Human B cells might interfere with neutrophil homeostasis because some patients treated with rituximab showed a late-onset neutropenia during the recovery of peripheral B cells, at 2-4 months post-treatment (53) (54) (55) (56) . This might be due to competition between the two cell types in bone marrow because this neutropenia was associated with a block in bone marrow granulopoiesis in some cases (57) . Furthermore, neutrophils co-localized with B cells in mouse bone marrow, and more neutrophils were present in bone marrow of lymphocyte-deficient mice than wild-type mice (58).
UTILIZATION OF TLR-ACTIVATED B CELLS FOR THE SUPPRESSION OF UNWANTED IMMUNE RESPONSES
TLR-activated B cells also displayed suppressive functions in adoptive transfer experiments. Fuchs and Matzinger found that LPS-activated male B cells were three times more efficient than resting B cells at inhibiting T cell immunity towards male antigens in female mice upon transfer (59) , and Scott and colleagues demonstrated that antigen-expressing LPS-activated B cells could restrain antigen-specific immune responses in recipient animals (60) . These findings have now been confirmed by several studies that explored the potential of TLR-activated B cells for suppression of unwanted immunity in adoptive cell therapy.
LPS-activated B cells expressing myelin antigens could inhibit development of EAE in an antigen-specific manner upon adoptive transfer in naïve recipient mice (61) (62) . Such B cells also protected recipient mice from severe EAE induced by combined administration of encephalitogenic T cells and immunization of recipient mice, which was fatal for control animals, while treated mice all survived and most remained healthy (62) . LPSactivated B cells expressing a relevant myelin antigen could also intercept disease progression upon transfer in mice already showing signs of EAE (62) . In this case, the injected B cells accumulated in CNS and spleen, suggesting that they could control pathogenesis directly in the target organ (61) . These findings indicate that B cells could be isolated from MS patients to be engineered in suppressive cells for autologous cell therapy. The finding that tolerogenic B cells could be obtained from donor mice suffering from EAE supports this therapeutic concept (62) . Similar findings were obtained in experimental autoimmune uveitis (EAU) (63) (64) . In this case, a single dose of transduced B cells was sufficient to reduce incidence and severity of disease, and to impair antigenspecific T and B cells (63) (64) . The protection lasted for more than two months after the B cell transfer, indicating a long lasting beneficial effect (64) . These studies demonstrate that TLR-activated B cells can inhibit autoimmune diseases induced deliberately by immunization or adoptive transfer of pathogenic cells.
B cells activated with LPS and manipulated to express autoantigen could also inhibit spontaneous autoimmune diseases in adoptive cell therapy (62, (65) (66) . Female nonobese diabetic (NOD) mice naturally develop an autoimmune response against pancreatic islet antigens such as insulin, and glutamic acid decarboxylase (GAD) 65, which ultimately leads to destruction of islet and development of type 1 diabetes (67). LPS-activated B cells expressing GAD65 could reduce incidence and severity of diabetes in recipient mice, and the treated animals still showed a lower disease activity than controls at 6 months after the B cell infusion, indicating a durable beneficial effect (62, 65) . This protection correlated with an inhibition of the autoreactive immune response (reduced levels of GAD65-specific antibodies, and lower autoreactive T cell response) indicating that LPS-activated B cells could control a complex spontaneous disease involving a broad immune response (65) .
This therapeutic approach could also be useful to suppress immunity against therapeutic proteins. Haemophilia is a bleeding disorder caused in 80% of cases by deficiencies in the gene coding for factor VIII (68) . This syndrome can be treated by administration of recombinant factor VIII, but a significant proportion of patients then develops neutralizing antibodies against the therapeutic protein, which limits treatment efficacy (69) . Adoptive transfer of LPS-activated mouse B cells expressing parts of factor VIII tolerized antigen-specific T and B cells for more than two months in recipient factor VIII-deficient animals (70) (71) (72) . This therapy was also effective in primed animals, leading to reduction of existing levels of neutralizing antibodies (70) .
The suppressive properties of LPS-stimulated B cells are intriguing because activated antigen-presenting cells (APC) are generally assumed to be positive regulators of immunity (73) (74) . Scott and colleagues compared the tolerogenic properties of resting and LPS-activated B cells using a transgenic mouse expressing a peptide-IgG1 construct in B cells (75) . Naïve and activated B cells similarly induced antigen-specific tolerance in naïve recipient mice upon transfer, but only LPS-stimulated cells could inhibit already established immune reactions (75) . These findings ask for a refinement of the two signals model formulated by Bretscher and Cohn, according to which activated APC should stimulate immune response, while resting APC should induce tolerance in reactive T cells (73) . This might have important implications for immunotherapy: provision of antigen alone (as done with infusion of soluble peptides or with delivery of antigen to resting APC) might not lead to a form of antigenpresentation suitable for inhibiting ongoing immunity.
The finding that LPS-activated B cells could suppress primary and secondary immune responses asks for a better understanding of this tolerogenic effect. B cells lacking MHC-II or CD86 were not suppressive, implying that presentation of antigen and provision of appropriate co-stimulatory signals were critical (76) (77) (78) . CD86 was maintained at elevated level for more than 10 days on LPSactivated B cells, while it was up-regulated transiently for less than 3 days on CpG-activated B cells, which were not tolerogenic. A durable presentation of antigen might therefore underlie the regulatory activity of LPS-activated B cells, in agreement with the fact that these B cells persisted for 3-6 months in recipient mice upon adoptive transfer (60, 79) . LPS-activated B cells probably targeted effector and/or regulatory T cells because CTLA-4, a receptor expressed by both subsets of T cells, was essential for suppression (76) . 
CONCLUSION AND PERSPECTIVES
The implication of TLR in the suppressive function of B cells is intriguing because these innate sensors are regarded as critical activators of protective immunity during infections. The dual roles of TLR as positive and negative regulators of immunity might be important for the optimization of dynamic and robustness of immune responses, as discussed in detail elsewhere (10) . Currently, TLR agonists are considered as therapeutic tools mostly for their immunostimulatory properties. Could TLR agonists be useful for suppression of ongoing immune responses? Several observations support this notion. For instance, administration of a stimulatory TLR-9 agonist combined with an allergen almost completely protected recipient mice from acute and chronic airway inflammation (82) (83) (84) . Similarly, a ragweed-TLR-9 agonist conjugate vaccine offered long-lasting improvement of clinical disease in allergic patients (85) . These effects could involve B cells because B cells activated via TLR-9, and/or producing IL-10 protected recipient animals from allergy upon adoptive transfer (86) (87) . These results emphasize the notion that activated APC can be more tolerogenic than resting APC, particularly for ongoing immune reactions. It will be essential to have a better comprehension of the type of B cells mediating suppression. + B cells were the major IL-10-producing B cell subset in mice infected with Salmonella typhimurium. Further studies shall characterize the phenotype of B cells providing IL-10-dependent and -independent suppressive functions in different models (including in adoptive transfer experiments), and address their relationship with antibodyproducing cells. It will also be important to better identify how TLR-activated B cells exert long-lasting suppressive effects on immunity.
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